It is well known that the acetic acid bacteria can rapidly oxidize ethanol to acetic acid. But whether ethanol can serve as a source of carbon and energy for these bacteria has not been clearly established. Pasteur (1868) noted that Mycoderma aceti which is undoubtedly Acetobacter aceti (Frateur, 1950) can grow well in ethanol media only if acetic acid is also present. Addition of one or two per cent acetic acid was required for growth in an ethanol yeast water medium and also in a chemically defined medium consisting of ethanol, mineral salts, and ammonium nitrogen. Both Hoyer (1898) and Beijerinck (1898) confirmed Pasteur's results and showed that A. aceti cannot grow in an ethanol-mineral salts-ammonium nitrogen medium unless acetic acid, acetate, or glucose is added. Growth with ethanol alone occurred when tap water was used in place of distilled water, and this was explained by Beijerinck as due to the organic impurities in tap water which stimulated growth.
These results can be interpreted in several ways. It may be that the ethanol is not used for carbon and energy and that these functions are served by the acetic acid or other organic compounds that must be added to ethanol containing media to permit growth. Or the acetic acid or other compounds may stimulate the utilization of ethanol for carbon and energy but are not themselves so used. This seems quite unlikely. Or both ethanol and acetic acid may be the sources of carbon and energy. The fact that tap water may stimulate growth of A. aceti with ethanol seems to indicate that under such conditions the ethanol functions as the primary source of energy for growth since it seems unlikely that the organic impurities in tap water would be sufficient for that purpose.
The situation with respect to ethanol utilization is complicated further by the results of Frateur (1950) which show that A. aceti can grow with ethanol alone even when the medium is prepared with distilled water if the medium is buffered adequately with phosphates. Moreover, both Hoyer and Beijerinck found that Acetobacter xylinum and Acetobacter rancens could not grow in an ethanol-acetic acid medium suitable for A. aceti but could develop luxuriantly when glucose, sucrose, mannitol, or glycerol was added. Beijerinck interpreted these results as indicating that the additional organic compounds were necessary for the utilization of the ammonium nitrogen in the medium by A. xylinum and A. rancens but not by A. aceti. It will be shown, however, in the present paper that the effect of glucose, sucrose, etc., is not related necessarily to the utilization of inorganic nitrogen since for Acetobacter suboxydans and Acetobacter melanogenum glucose is necessary for growth and oxidation of ethanol even when amino acids are substituted for inorganic nitrogen.
Our interest in the problem of ethanol utilization stems from our previously reported observation (Rao and Stokes, 1953 ) that for growth and oxidation of ethanol by many strains of A. suboxydans and A. melanogenum an unidentified factor in yeast autolysate is essential. The present investigation supplies additional information on the problem of ethanol utilization by acetic acid bacteria.
MATERIALS AND METHODS
A. suboxydans, strain M.A. 8.3, was used in most of the experiments. In many instances, however, other strains of this organism and also A. melanogenum were employed and similar results were obtained. The basal medium consisted of ethanol, casein hydrolyzate, minerals, and B vitamins. The exact composition of this medium, the general conditions for growth, and the method for measurement of growth are those described in our previous paper (Rao and Stokes, 1953 As previously indicated (Rao and Stokes, 1953) many strains of A. suboxydans and A. melanogenum cannot grow with ethanol as carbon source in media containing (NH4)2S04 or amino acids as the source of nitrogen, but abundant growth occurs, however, if such media are activity for A. suboxydans, strain M.A. 8.3, but the activity for another strain, A. suboxydans 3, was unchanged. Most of the activity was removed by dialysis with water and was found in the dialysate. Ether extraction at pH 2 for 48 hr failed to remove any active material, and the residue was fully active. The active fraction appears to be organic in nature since the ash of the yeast is inactive. The stimulatory material was not adsorbed during passage through anion and cation exchange columns which indicates that the activity is associated with nonpolar compounds. The data in table 3 also indicate that in every case the amount of growth obtained with ethanol plus one of the essential growth stimulating compounds is considerably greater than that obtained with the active compound alone. This suggests that the sugar and higher alcohols not only make it possible for the acetic acid bacteria to oxidize ethanol but also to utilize some of the ethanol for growth. Under these conditions, therefore, both organic compounds appear to serve as sources of carbon. It is possible also that the oxidation of the ethanol may give rise to intermediates or available energy which permits greater utilization of the stimulatory compound than is possible in the absence of ethanol oxidation, and, therefore, none of the carbon for cell synthesis comes from the ethanol.
To decide between these two possibilities, experiments were made with media containing both radioactive ethanol, CH3C14H2OH, and unlabeled glucose. If the carbon of ethanol is used for synthesis of cellular substance, then the cells grown with labeled ethanol should be radioactive.
The has a pH of 6.4 was prepared and distributed in 10 ml amounts into 50 ml Erlenmeyer flasks. Four sets of basal medium were prepared, and to these were added, respectively, (a) nothing, (b) 0.25 ml of labeled ethanol containing a total of 50,000 counts per minute, (c) 10 mg of glucose, and (d) 0.25 ml of labeled ethanol and 10 mg of glucose. The media were inoculated with A. suboxydans and incubated at 28 C for 4 days. The turbidities of the cultures were measured then, the cells were collected by centrifugation and thoroughly washed 4 times to remove any adhering labeled ethanol or acetic acid, and finally transferred quantitatively to tared planch- The data obtained with labeled ethanol when considered in conjunction with the other data in tables 3 and 4 which show that invariably more growth occurs when ethanol is present than when carbohydrate alone is used lead to the conclusion that, under these conditions, ethanol is used by the acetic acid bacteria as a source of carbon. It appears therefore that the acetic acid bacteria are dependent upon carbohydrates for the initiation of growth, and once this has taken place, the ethanol can be utilized then as a source of carbon and probably also of energy, and this sequence of events finally leads to the rapid and extensive oxidation of the ethanol to acetic acid.
DISCUSSION
It is surprising that the most characteristic metabolic process of the acetic acid bacteria, namely, the oxidation of ethanol to acetic acid cannot, by itself, support the growth of many members of this group. Growth occurs only if some additional organic substance such as acetate or glucose also is provided in the medium. This phenomenon was noted first with A. aceti by Pasteur (1868) in his pioneer investigations on the production of vinegar, and it was confirmed later by Hoyer (1898) The requirement for two substrates by the acetic acid bacteria is similar to that of Clostridium lacto-acetophilum (Bhat and Barker, 1947) which cannot grow with lactate unless acetate also is provided and of Clostridium kluyveri (Bornstein and Barker, 1948) which cannot develop with ethanol unless acetate is present in the medium. Whether the pertinent biochemical mechanisms for growth are the same in all three cases remains to be determined.
SUMMARY
Acetobacter suboxydans and Acetobacter melanogenum cannot grow in chemically defined media with ethanol as the sole source of carbon and energy. They will develop, however, when small amounts of yeast autolysate or other complex substances of biological origin are added to the medium. Evidence is presented which suggests that the growth promoting activity of the biological materials is due to the reducing sugars or related substances which they contain. Small amounts of glucose, fructose, mannitol, and glycerol can be substituted successfully for yeast autolysate.
Data obtained with radioactive ethanol, CH3C14H20H, indicate that growth in the two-substrate medium is accompanied by the incorporation of the carbon of ethanol into cell material. All of the results appear to support the view that the sugars and related substances are required by the acetic acid bacteria to initiate growth, and when this has occurred the ethanol is used then as an additional source of carbon and energy and is oxidized extensively to acetic acid.
